Hadronic production of nonrelativistic boundstates of b ′ or isosinglet quarks D with suppressed weak decays is investigated for LHC and SSC energies. QCD corrections to production and decay rates are incorporated. Large rates for final states from η b ′ → HZ are predicted.
The theoretical and experimental aspects of hadronic quarkonium production have attracted a great deal of interest after the original discovery of J/Ψ and Υ. Gluon fusion seemingly dominates the cross section with a small admixture of quark-antiquark annihilation in pp and π − p collisions at lower energies. Given sufficiently high center of mass energy and luminosity, the same parton processes could also lead to toponium production at a future hadron collider. The production rate of 1 −− bound states through the reaction g + g → 1 −− + g is tiny. The cross section for gluon-gluon fusion into the 1 S 0 state η t , however, would be sufficiently large to produce a large number of resonances. The experimental signal that might conceivably be accessible under realistic assumptions is the γγ decay mode of η t [1] . However, this mode is severely reduced by the tiny branching ratio of order 10 −4 down to 10 −5 -a consequence of the large single quark decay rate of η t . Detailed investigations which include higher order corrections for the production rate and a realistic QCD potential show that the window for the discovery of η t is extremely narrow. Fairly optimistic assumptions have to be employed to access quark masses even in the range of 100 to 110 GeV [2, 3] .
However, the situation changes drastically if the single quark decay mode of the 1 S 0 bound state is absent or at least strongly suppressed, as is the case for a b ′ with suppressed couplings to the lighter u, c, and t quarks, or for isosinglet quarks denoted in the following by D. The branching ratio for decay modes of these bound states with truly characteristic final states such as γγ, γZ, ZZ, W W, HZ are no longer drastically suppressed and may even become dominant, as is the case for the HZ mode in the high mass region. These would be easily accessible in future experiments at LHC or SSC, for quark masses even up to 1000 GeV. Predictions for these reactions in Born approximation have been derived in references [4, 5, 6] . In a recent paper [2, 3] , QCD corrections were evaluated for the production of nonrelativistic 1 S 0 bound states in hadronic collisions. These corrections are positive and fairly large, justifying the renewed investigation of exotic bound state production. The corrections can be also applied to the production of bound states composed of a b ′ with I 3 = −1/2 and e Q = −1/3 or of a D quark with I 3 = 0 and e Q = −1/3.
In the following we specify the general structure of the cross section for η b ′ ,D production in hadronic collisions
in the framework of perturbative QCD. In (1) h 1 and h 2 denotes unpolarized hadrons with momenta P i . The hadronic cross section in NLO is thus given by
where one sums over a, b = q,q, g. f h a (x, Q 2 F ) is the probability density to find parton a with fraction x in hadron h if it is probed at scale Q 2 F andσ ab denotes the parton cross section for the process
from which collinear initial state singularities have been factorized out at a scale Q 2 F and implicitly included in the scale-dependent parton densities f h a (x, Q 2 F ). The partonic cross sectionsσ ab in NLO for the gg, qg andinitiated reactions are given in [3] . They are proportional to the square of the bound state wave function at the origin R(0) and hence dependent on the QCD potential. For the evaluation we employ the two-loop QCD potential V J [7] . The numerical results depend critically on the value of the QCD parameter Λ 
and Λ value from the parton distributions.
The K−factor and the production cross section are shown in figs. 2 and 3a respectively as functions of the bound state mass for three different Λ values in the potential. The uncertainty from the choice of the parton distribution functions is shown in fig. 3b . The additional uncertainty from the choice of the renormalization and factorization scales is estimated to be less than 10% [3] .
To obtain predictions for the interesting reactions these production cross sections have to be multiplied by the various possible branching ratios. It is convenient to normalize the decay rates relative to the two photon decay rate Γ γγ with
With R ab := Γ ab /Γ γγ (ab = γZ, HZ, ZZ, W W, gg, tt) one finds
where
QCD corrections to the decay rates will be discussed below. In eq. (12) I 3 Q denotes the third component of the weak isospin of the Q−type quark and θ W is the Weinberg angle. p denotes the three-momentum of the final state particles. The single quark decay mode which dominates for η t proceeds through the decay of the heavy quark into b+W . For a heavy sequential quark b ′ of isospin I 3 = −1/2 the analog decay b ′ → t ′ +W is presumably strongly suppressed by a small mixing angle θ ′ if the mass of the isospin partner t ′ is larger than m b ′ . Once θ ′ 2 < 10
the annihilation decays dominate and single quark decays can be ignored for most practical purposes. Similar considerations apply to decays of isosinglet quarks D into b+ Z, t+ W or c + W which are also inhibited by small mixing angles. For the subsequent discussion these single quark modes will be ignored. The dominant decays are thus all proportional to the wave function squared, the branching ratios Γ ab / Γ ab are independent of the wave function, and as a result can be predicted unambiguously.
The WW mode needs further specification: The decay of η b ′ into W W proceeds through the virtual isospin partner t ′ and hence depends on the mass of t ′ . Present limits on the deviation of the ρ−parameter from one as deduced from electroweak precision measurements limit the mass splitting △m between m t ′ and m b ′ in a drastic way and △m < 200 GeV can be considered a generous upper bound. For simplicity we shall assume equal b ′ and t ′ masses (ρ Q ′ = 1/4 in eqs. (9, 12) ) in the subsequent numerical evaluation.
For bound states η D from isosinglet quarks the WW decay may in principle proceed through virtual quarks of charge 2/3. However, the D-t-W -coupling is suppressed by small mixing angles and the WW mode can therefore safely be neglected. The HZ mode is absent as a consequence of a D = 0.
QCD corrections to annihilation decays are at present available for hadronic (gg−), for γγ− and for the tt−decay modes.
where n f = 6 denotes the number of light flavours (including top). In the last equation of (13) the functions A(β t ), P (β t ) and Q(β t ) are given by 
The first factor in the corrections for tt has its origin in the η Q vertex correction, the second factor is given in [9] . Finally, the scale µ in α s is adopted to M in our numerical calculation. The QCD corrections to the γγ decay rate are negative at the level of about -10% whereas the corrections to the hadronic decay increases the decay rate by about +35%. The QCD corrections to Γ tt depend on the mass of the boundstate and vary from +40% for M η = 300 GeV to -20% for M η = 2000 GeV.
Since γγ, γZ, ZZ and W W can be identified in the limit M Z , M W << 2m b ′ ,D after appropriate adjustment of the gauge coupling, the QCD corrections can be assumed to cancel to a large extent in the ratios listed in eqs. (6, 8, 9) . Corrections for the HZ mode are missing and we shall simply adopt eq. (7) for the present purpose. The normalized decay rates R ab are shown in figs. 4a and b for η b ′ and η D respectively, the resulting branching ratios Γ ab / Γ ab are displayed in figs. 4c and d. The pattern is significantly different for the two cases:
The branching ratio of η b ′ into HZ is sizable and dominant for a large mass range. Also the W W mode is fairly important, amounting to about 1% of the hadronic mode, which is presumably difficult to detect experimentally. The γγ, ZZ and γZ modes are all relatively small with their ratio basically governed by their relative couplings and the statistical factor 1/2 for γγ and ZZ. To summarize: Production and decay rates for bound states of exotic quarks can be predicted unambigously. The uncertainty from the QCD potential, α s and the structure functions appears to be well under control. The rates for pp → η b ′ (→ HZ) + X are particularly promising as a consequence of the large branching ratio. The branching rations into W W, ZZ, γZ, or γγ are significantly smaller but in any case larger than the corresponding branching ratios of a toponium resonance.
Throughout this paper the SQD mode has been ignored completely, a clearly oversimplifying assumption. The mixing of both b ′ and D with other quarks is presumably small and it seems difficult to make any hypothesis. Instead we compare the total annihilation rate (for V J with Λ fig. 1 ). b) Dependence of the cross section on the parton distribution functions: MT set B1 [8] (solid), MT set SN [8] (dotted), MRS set B200 [10] (short-dash-dotted), KMRS set B [11] (long-dash-dotted) and GRV [12] (dashed). 
